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Accumulating evidence suggests that changes in
the metabolic signature of astrocytes underlie their
response to neuroinflammation, but how proinflam-
matory stimuli induce these changes is poorly un-
derstood. By monitoring astrocytes following acute
cortical injury, we identified a differential and re-
gion-specific remodeling of their mitochondrial
network: while astrocytes within the penumbra of
the lesion undergo mitochondrial elongation, those
located in the core—the area invaded by proinflam-
matory cells—experience transient mitochondrial
fragmentation. In brain slices, proinflammatory
stimuli reproduced localized changes in mitochon-
drial dynamics, favoring fission over fusion. This
effect was triggered by Drp1 phosphorylation and
ultimately resulted in reduced respiratory capacity.
Furthermore, maintenance of the mitochondrial
architecture critically depended on the induction
of autophagy. Deletion of Atg7, required for auto-
phagosome formation, prevented the reestablish-
ment of tubular mitochondria, leading to marked
reactive oxygen species accumulation and cell
death. Thus, our data reveal autophagy to be es-
sential for regenerating astrocyte mitochondrial
networks during inflammation.844 Cell Metabolism 18, 844–859, December 3, 2013 ª2013 ElsevierINTRODUCTION
By virtue of their strategic position, astrocytes sustain brain
tissue homeostasis and critically contribute to synaptic function
by locally interacting with neurons and the vasculature (Halassa
et al., 2007; Iadecola and Nedergaard, 2007). In neuropathol-
ogies characterized by a strong inflammatory component,
including traumatic brain injury, ischemia, and chronic neurode-
generation, astrocytes enter a highly reactive state (Sofroniew,
2009) suggested to contribute to ameliorating or worsening
the pathology (Bush et al., 1999; Menet et al., 2003; Okada
et al., 2006). Recently, whole-cell transcriptome analysis of
astrocytes exposed to proinflammatory insults revealed the
transient upregulation of important and stimulus-specific meta-
bolic pathways (Hamby et al., 2012; Zamanian et al., 2012),
strongly arguing for their active role in the energy metabolism
of the diseased brain (Be´langer et al., 2011a; Farina et al.,
2007; Sofroniew, 2009).
Although astrocytes can remarkably increase their glycolytic
and glycogenolytic metabolism in response to neuronal activity
(Be´langer et al., 2011a; Hertz et al., 2007; Kasischke et al.,
2004), their energy production is largely based on mitochondrial
oxidative metabolism (Hertz et al., 2007). Supporting this notion,
abundant mitochondria have been observed within the finest
astrocytic processes in vivo (Lovatt et al., 2007; Mathiisen
et al., 2010), speaking in favor of the important role of mitochon-
dria in energy supply and metabolic signaling in astroglial cells.
The mitochondrial network in most mammalian cells is normally
composed of tubular mitochondria whose shape and dynamicsInc.
Figure 1. Region-Specific Remodeling of Astrocyte Mitochondrial Networks following SW
(A) Experimental plan for targeting mito-GFP via mito-RABV infusion selectively to astrocytes in hGFAP-TVA mice.
(B) Example ofmito-RABV delivery at 4 days post injection (dpi). Transduced cells (lower panels) express the astrocyticmarker S100b. Scale bars: 100 and 20 mm.
(C) Histogram reporting on the efficiency of mito-RABV in targeting astrocytes (n = 3 mice, 200–300 cells/mouse; ***p < 0.001).
(legend continued on next page)
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reactions. The central players in catalyzing these reactions are
several conserved guanosine triphosphate (GTP)-binding pro-
teins that specifically execute either mitochondrial fusion (e.g.,
mitofusin 1 and 2; optic atrophy 1, OPA1) or fission (dynamin-
related protein, Drp1; and fission 1 protein, Fis1) (Liesa et al.,
2009). While on one side the proper balance between these
reactions is key for preserving mitochondrial architecture and
metabolism (i.e., respiratory capacity and energy production),
on the other side it ensures appropriate distribution of mitochon-
drial DNA and other mitochondrial components (Liesa et al.,
2009). Failure to properly regulate mitochondrial dynamics may
lead to damaged mitochondria, a condition associated with
aging and several neurodegenerative diseases (Detmer and
Chan, 2007; Knott et al., 2008).
Given the peculiar cellular distribution of mitochondria in
astrocytes and their key role in energy metabolism, it is reason-
able to assume that theymay directly participate in themetabolic
changes associated with astrogliosis and neuroinflammation.
Intriguingly, astrocytes reacting to inflammatory stimuli in vitro
significantly increase their rate of glycolysis, rather than oxida-
tive phosphorylation, to prevent ATP depletion and cell death
(Almeida et al., 2001, 2004; Brown et al., 1995), thus raising the
question of whether mitochondrial function becomes altered
during inflammation. Interestingly, one of the suggested
mechanisms responsible for the quality control of mitochondria
is mitophagy, a specific form of macroautophagy aimed at
regulating mitochondrial turnover and possibly at segregating
damaged mitochondria from the healthy network (Wang and
Klionsky, 2011). Whether autophagy plays any role in coordi-
nating mitochondrial network function in reactive astrocytes is
not known.
In this study, we provide compelling evidence that astrocytes
in vivo and in vitro respond to proinflammatory stimuli with a
remarkably regionalized, albeit transient, change of their mito-
chondrial dynamics favoring fission over fusion. We show that
this transient phase of mitochondrial alteration is accompanied
by a marked increase in ROS production and autophagy, the
latter required for restoring tubular mitochondria and sustaining
cell survival at later time points. Thus, our results reveal that a
timely activation of autophagy is critical to safeguard mitochon-
drial function in astrocytes during a proinflammatory response.
RESULTS
Acute Injury Induces Differential Remodeling
of Astrocyte Mitochondrial Networks
To label mitochondria selectively in astrocytes in vivo, we took
advantage of a mouse line expressing the avian TVA receptor(D) Experimental plan for combining mito-RABV infusion with stab wound (SW) in
(E) Example of cortical SW at 4 dpi in mito-RABV-injected mice. Enlargements dep
GFAP and S100b immunostainings. Scale bars: 200 mm.
(F) Astrocyte mitochondrial morphologies observed following SW. Yellow arrow
compared to control astrocytes of nonlesioned cortices. Nuclear staining and im
15 mm.
(G) Mitochondrial length in astrocytes located within the lesion core. Inset repo
chondria/cell).
(H) Quantification of the mitochondrial phenotype at the indicated time points aft
mean ± SEM. See also Figures S1 and S2.
846 Cell Metabolism 18, 844–859, December 3, 2013 ª2013 Elsevierfor the envelope glycoprotein EnvA under the control of the
human glial fibrillary acidic protein promoter (hGFAP-TVA
mice) (Holland and Varmus, 1998). In these mice, intracortical
delivery of an EnvA-pseudotyped rabies virus (Wickersham
et al., 2007) encoding for mitochondrially targeted GFP
(mito-GFP) (referred as to mito-RABV; Figure 1A) resulted in
the efficient labeling of mitochondria, specifically in astrocytes
(Figures 1B, 1C, and S1A–S1E available online). Interestingly,
astrocytes displayed a fine network of tubular mitochondria
reaching the most peripheral cellular processes (Figure S1E),
often found in close proximity to nearby neurons (Figures
S1I–S1K).
We then examined mitochondrial networks in astrocytes
following cortical stab wound (SW) (Bardehle et al., 2013), a
well-established paradigm of acute injury that results in the
activation of glial cells within the injured area, prominent local
neuroinflammation, and scar formation (Sofroniew, 2009).
Combined delivery of mito-RABV with SW led to efficient target-
ing of mito-GFP to astrocytes localized in the injured area (Fig-
ures 1D and 1E). Interestingly, while astrocytes in uninjured
hemispheres displayed a mostly tubular mitochondrial network
(Figure 1F), by 4 days postinjection (dpi), astrocytes in the
lesioned site could be classified into two distinct categories
depending on their location and morphology of their mitochon-
dria (Figures 1E and 1F). Astrocytes located in the penumbra of
the lesion, i.e., the scar-forming region (S100b+/GFAP+ astro-
cytes), displayed hypertrophic and polarized processes
(Bardehle et al., 2013; Wilhelmsson et al., 2006), and their mito-
chondria appeared as an interconnected meshwork of elon-
gated organelles (Figure 1F). In contrast, astrocytes within the
lesion core were devoid of GFAP immunoreactivity, and their
mitochondria were characterized by a prominent fragmented/
rod-like shape (Figure 1F). The majority of these astrocytes
were neither in mitosis nor apoptotic, as their nuclei appeared
uniform, and no signs of pyknosis were detectable (Figures 1F
and S2C). Time-course analysis of lesion core astrocytes
revealed a drastic reduction in their mitochondrial length
compared to astrocytes of nonlesioned hemispheres at 2 and
4 dpi (Figures 1G and 1H). Notably, by 10 dpi, their mitochon-
drial length had returned to levels similar to those of control
astrocytes (Figures 1G and 1H), suggesting extensive but tran-
sient changes in their mitochondrial dynamics toward fission
(Detmer and Chan, 2007; Youle and van der Bliek, 2012). On
the other hand, astrocytes in the penumbra (S100b+/GFAP+)
never exhibited massive fragmentation and showed an oppo-
site dynamic reorganization of their mitochondrial networks
(Figures 1H and S2C), which matched (in time) with the acquisi-
tion of typical traits of gliosis (Bardehle et al., 2013; Sofroniew,
2009; Wilhelmsson et al., 2006; Zamanian et al., 2012).jury, followed by morphometric analysis.
ict the ‘‘core’’ and ‘‘penumbra’’ (or scar-forming) regions, defined according to
heads point to altered mitochondrial morphology (elongated or fragmented)
munoreactivity for GFAP and S100b for each example are shown. Scale bars:
rts on the average mitochondrial length (n = 6 cells/time point; 70–150 mito-
er SW (n = 3 mice/time point; 100–200 cells/mouse; ***p < 0.001). All data are
Inc.
Figure 2. Proinflammatory Cytokines Elicit
Local Changes in Astrocyte Mitochondrial
Dynamics
(A) Accumulation of CD45+ proinflammatory cells
within the lesion core at 4 dpi following SW. Scale
bars: 80 mm.
(B) Density of CD45+ cells at 4 dpi following SW
(n = 3 mice).
(C) Immunoreactivity for IL-1b following SW.
Enlargements show IL-1b+ cells (arrowheads)
surrounding a mito-GFP-expressing astrocyte in
the lesion core. Scale bars: 100 and 20 mm.
(D) Experimental plan for imaging mitochondrial
dynamics in brain slices. Astrocyte branches were
grouped into proximal (quadrant I) or distal
(quadrants II–IV) to the releasing pipette.
(E) Confocal picture showing ACSF + Alexa 488
local infusion onto a transduced astrocyte in slice.
Scale bars: 20 mm.
(F) Time-lapse of individual mitochondria showing
fusion and fission events (arrowhead: stable
mitochondrion). Scale bars: 5 mm.
(G) Example of mitochondrial dynamics occurring
within the proximal branches (boxed in red) during
focal application of IL-1b. Lower panels show
selected time-lapse frames of the boxed area
illustrating the prevalence of fission events (see
percentages). Scale bars: 5 mm.
(H) Example showing distal branches (boxed in
gray) during application of IL-1b. Lower panels
show the prevalence of fusion events. Scale
bars: 5 mm.
(I) Index of fission-fusion for each quadrant and for
whole astrocytes during IL-1b application (n = 5
cells; *p < 0.05; **p < 0.01).
(J) Percentages of fusion and fission events for
each quadrant during IL-1b focal application.
(K) Index of fission-fusion during ACSF-only
application (n = 5 cells).
(L) Percentages of fusion and fission events for
each quadrant during ACSF focal application. All
data aremean ± SEM. See also Figures S2 and S3.
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was delayed compared to the lesion core and displayed high
levels of elongation up to 10 dpi (Figure 1H). Together, these
data demonstrate that marked, but opposite, changes in mito-
chondrial dynamics characterize astrocytes within the lesion
core compared to those in the penumbra.Cell Metabolism 18, 844–859,Focal IL-1b Infusion Locally Alters
Astrocyte Mitochondrial Dynamics
in Brain Slices
A major stimulus triggering astrocyte
reactivity within the immediate lesion
area is the local release of proinflam-
matory cytokines from inflammatory cells
(Hamby et al., 2012; Sofroniew, 2009;
Zamanian et al., 2012). Indeed, locally
recruited Iba1+ microglia and infiltrating,
blood-derived CD45+ leukocytes were
greatly enriched in the lesion core (Fig-
ures 2A, 2B, S2A, and S3A). Accordingly,
this region appeared highly immunoreac-tive for interleukin-1b (IL-1b) (Figure 2C), one of the major proin-
flammatory cytokines released following trauma (Pinteaux et al.,
2009). This prompted us to investigate whether the unique mito-
chondrial rearrangements observed in astrocytes within the
lesion core could be attributed to the local proinflammatory
microenvironment consequent to SW. We prepared acute slicesDecember 3, 2013 ª2013 Elsevier Inc. 847
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Mitochondrial Dynamics in Reactive Astrocytesfrom uninjured, mito-RABV-injected mice and analyzed
mitochondrial dynamics, i.e., fission and fusion, in astrocytes
under focal application of IL-1b by time-lapse confocal micro-
scopy (Figures 2D–2F). By 30 min following IL-1b treatment,
we observed a conspicuous increment in mitochondrial fission
(70%–80% of all events) in astrocyte branches proximal to the
pipette (defined as quadrant I; i.e., the astrocyte branches within
the diffusion radius of the cytokine; Figure S3B), in which mito-
chondria that were initially tubular appeared to fragment over
time (Figures 2G–2J), but without overtly affecting astrocyte
integrity (Figures S3C–S3E). In sharp contrast, more distal
regions of the astrocytes did not exhibit any increase in fission
events, but rather slightly increased mitochondrial fusion (Fig-
ures 2H–2J), ultimately contributing to the balance of the overall
proportion of fission and fusion events (Figure 2I, black line).
Different from these dynamics, infusion of artificial cerebrospinal
fluid (ACSF) alone did not induce significant alterations of the
mitochondrial network (Figures 2K and 2L). Therefore, within
the physiological context of a brain slice, astrocytes rapidly react
to proinflammatory stimuli by locally increasing mitochondrial
fission.
Time-Dependent Alteration of Astrocyte Mitochondrial
Dynamics Induced by Proinflammatory Stimuli
To understand the molecular mechanism underlying the above-
described changes in mitochondrial networks, we analyzed
primary cortical astrocytes in culture (Figure 3A) following
direct stimulation with lipopolysaccharide and interferon
gamma (LPS+IFNg), a well-established combination of factors
mimicking the inflammatory response in vitro (Brown et al.,
1995; Hamby et al., 2012). Time-course analysis ofmitochondrial
morphology revealed a progressive rearrangement of the
network resulting in the generation of rod-like structures starting
from 1 hr after treatment, followed by extensive mitochondrial
fragmentation at 4–8 hr later (Figure 3B). Accordingly, mitochon-
drial length in stimulated astrocytes significantly decreased at 4
and 8 hr after treatment (Figures 3C and 3D). In marked contrast,
by 24 hr, mitochondria displayed a tubular morphology similar to
that of untreated control cells (Figures 3B–3D). Similar results
were obtained following treatment with other proinflammatory
cytokines (IL-1b, IL-6, and tumor necrosis factor alpha [TNF-a];
Figure S3F), the upregulation of which has been described after
brain trauma (Bethea et al., 1999; Kamm et al., 2006), suggesting
that mitochondria are a common downstream target of the
inflammatory signaling pathway in astrocytes. Consistent withFigure 3. Proinflammatory Stimuli Induce Rapid, but Transient, Alterat
(A) Example of astrocyte culture (GFAP+). Scale bars: 30 mm.
(B) Mitochondrial morphology at different times after LPS+IFNg treatment. Scale
(C) Changes in mitochondrial length after LPS+IFNg treatment (n = 15 cells/cond
(D) Average mitochondrial length (n = 15 cells/condition; 20–30 mitochondria pe
(E) Time-lapse imaging of mitochondria in a mito-GFP-expressing astrocyte and
0.3–1 mm; fast moving: >1 mm). Color-coded tracks of representative examples a
(F) Quantification of mitochondrial motility after LPS+IFNg treatment (n = 3 cells;
(G) Experimental plan used for assessing mitochondrial fusion proficiency in cont
after ROI photoactivation was used to estimate the extent of mitochondrial fusio
(H) Example of photoactivated control (top) and LPS+IFNg-treated astrocytes (4
time-lapse frames of the photoactivated area. Scale bars: 10 mm.
(I) Quantification of GFP signal within the initial ROI of photoactivation over 45 m
(J) Quantification of GFP signal in the outer ROI as depicted in (G) (n = 6 cells). A
Cell Mprevious studies (Bardehle et al., 2013; Brown et al., 1995;
Stewart et al., 1998), proinflammatory stimuli did not alter
astrocyte viability within the examined time window (Figures
S3G and S3H).
To gain further insight into the mitochondrial reorganization
observed in LPS+IFNg-stimulated astrocytes, we examined their
mitochondrial network dynamics. Time-lapse experiments per-
formed in astrocytes expressing mito-GFP revealed that soon
after LPS+IFNg treatment, there was an overall reduction of
the mitochondrial motility and an increase in the number of sta-
tionary organelles (Figures 3E and 3F). To evaluate whether the
observed changes were mirrored by corresponding alterations
in the fusion-fission dynamics of mitochondria, astrocytes were
cotransfected withmito-DsRed together with a photoactivatable
mito-GFP (mito-PAGFP) (Karbowski et al., 2004), and photola-
beled mitochondria were followed by time-lapse microscopy at
4 and 24 hr after LPS+IFNg stimulation (Figure 3G). While in
control astrocytes the GFP signal displayed a progressive and
constant diffusion from the photoactivated region of interest
(inner ROI), indicative of ongoing mitochondrial fusion; in
astrocytes stimulated for 4 hr these dynamics were virtually
abolished (Figures 3H–3J). Consistent with a rescue of their
morphology, mitochondria displayed fusion dynamics similar
to controls by 24 hr (Figures 3I and 3J). Together, these results
demonstrate that proinflammatory mediators transiently, but
severely, alter mitochondrial network dynamics in astrocytes.
Drp1 Mediates Mitochondria Fragmentation during
Inflammation
We next assessed whether this mitochondrial phenotype in
stimulated astrocytes was due to reduced fusion or, rather, to
increased mitochondrial fission by evaluating the expression
pattern of the major GTP-binding proteins known to govern
mitochondrial dynamics (Liesa et al., 2009). Interestingly, immu-
noblot analysis of astrocytes treated with LPS+IFNg revealed a
substantial upregulation of the pro-fission protein Drp1 by 4 hr
after treatment (Figure 4A). In contrast, no obvious changes in
the expression pattern of the fusion proteins Mfn2 and Opa1
were observed (Figure 4A). Also, direct evaluation of mitochon-
drial markers specific for the outer (TOM20) and inner mem-
branes (TIM44) andmatrix (Hsp60) disclosed no overt alterations
in the mitochondrial mass (Figure 4A).
To gain further insight into the potential role of Drp1, we
analyzed its phosphorylation state at Ser616 (hereafter referred
to as P-Drp1616), as phosphorylation at this site is known toions of Mitochondrial Dynamics in Cultured Cortical Astrocytes
bars: 10 mm.
ition; 20–30 mitochondria per cell).
r cell; ***p < 0.001).
relative classification according to their motility (stationary: 0–0.2 mm; moving:
re shown. Scale bars: 5 mm.
15 mitochondria per cell; *p < 0.05).
rol or LPS+IFNg-treated astrocytes. The rate of diffusion of mito-PAGFP signal
n.
hr, bottom) coexpressing mito-DsRed and mito-PAGFP. Right panels show
in of imaging (n = 6 cells).
ll data are mean ± SEM. See also Figure S3.
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of cytoplasmic Drp1, a key step required for mitochondrial
fission (Chang and Blackstone, 2010). We observed a transient
increase of P-Drp1616 at 4 hr, while, different from total Drp1 pro-
tein, P-Drp1616 returned to control levels by 24 hr (Figure 4A).
Furthermore, by performing P-Drp1616 immunocytochemistry,
we could observe a progressive increase of P-Drp1616 immuno-
reactivity specifically localizing at mitochondria starting from
30min to 1 hr after LPS+IFNg treatment, i.e., immediately before
the onset of mitochondrial fragmentation, while it decreased to
levels comparable to controls by 24 hr (Figures 4B and 4C).
Conversely, total Drp1 remained relatively high up to 24 hr, the
time at which the tubular mitochondrial network was restored
(Figures 4C and S4A). Notably, localization of endogenous
P-Drp1 onto mitochondria also appeared to be increased in
astrocytes of the lesion core in vivo at the time (4 dpi) at which
fragmentation was mostly evident (Figure S4B).
This distinctive upregulation and subsequent recruitment onto
mitochondria strongly suggest that Drp1 plays a central role in
mitochondrial fragmentation during the inflammatory response.
To validate this hypothesis, we specifically knocked down
Drp1 via RNAi (Figure S4C). Astrocytes were transfected with
scramble (miR-scr) or Drp1-targeting miRNAs (miR-Drp1), and
the morphology of mitochondria was evaluated at 4 and 24 hr
after LPS+IFNg treatment (Figure 4D). Single-cell analysis
showed that Drp1 knockdown prevented mitochondrial frag-
mentation at 4 hr (number of astrocytes showing fragmented
mitochondria: 6.7% ± 0.9% in miR-Drp1 versus 68.4% ± 1.1%
in miR-scramble; Figures 4D and 4E) and, as expected, resulted
in a moderate increase in elongated mitochondria. A similar
effect was obtained when a dominant-negative mutant of Drp1
(K38E) (Neuspiel et al., 2005) was ectopically expressed in astro-
cytes prior to stimulation (Figure S4D). These results indicate that
Drp1 activation is one of the key signaling events leading to
fragmentation of mitochondria in astrocytes exposed to inflam-
matory stimuli.
Inhibition of iNOS Prevents Inflammation-Mediated
Mitochondrial Fragmentation
A main hallmark of inflammation in glia cells, including astro-
cytes, is the upregulation of the inducible nitric oxide synthase
(iNOS), which leads to nitric oxide (NO) production (Almeida
et al., 2004; Brown et al., 1995). Several lines of evidence argueFigure 4. Drp1-Mediated and iNOS-Dependent Mitochondrial Fragmen
(A) Expression levels of mitochondrial proteins regulating fission (Drp1 and its ph
markers indicative of mitochondrial mass (Tom20, Tim44, Hsp60) in control astro
(B) Immunostaining for P-Drp1616 and the mitochondrial marker Hsp60 at diffe
highlights the time-dependent recruitment of P-Drp1616 on mitochondria. Scale
(C) Quantification of P-Drp1616+ punctae (gray line) per unit of mitochondrial lengt
red line) density of total Drp1+ punctae (n = 3–5 cells/time point; 10–20 mitochon
(D) Pictures showing mitochondrial morphology following transfection with GFP-
(E) Quantification of the mitochondrial phenotype (tubular, fragmented, or elong
100 cells/time point; ***p < 0.001).
(F) Expression of iNOS in astrocytes following LPS+IFNg treatment.
(G) P-Drp1616 immunostaining in stimulated astrocytes in the absence or presen
(H) Quantification of P-Drp1616+ punctae per unit of mitochondrial length in stim
20 mitochondria/cell; *p < 0.05; **p < 0.01).
(I) Quantification of the mitochondrial phenotype in stimulated astrocytes in the ab
30–70 cells/time point; ***p < 0.001). All data are mean ± SEM. See also Figure S
Cell Mfor a role of NO in regulating Drp1 activity and thus mitochondrial
fission (Barsoumet al., 2006; Bossy et al., 2010; Cho et al., 2009).
Therefore, we evaluated whether inflammation-induced NO
production was required for mitochondrial fragmentation in
astrocytes. As expected, we observed a time-dependent upre-
gulation of iNOS in cultured astrocytes exposed to LPS+IFNg
(Figure 4F). Interestingly, pharmacological inhibition of iNOS
with L-NAME or 1400W was able to prevent Drp1 activation
and its recruitment onto mitochondria, ultimately impairing their
fragmentation (Figures 4G–4I). To validate the requirement of
iNOS activity for mitochondrial remodeling in a more physiolog-
ical context, we performed similar experiments in acute brain
slices obtained from mito-RABV-injected hGFAP-TVA mice
(Figure S4E). We first assessed, by time-lapse imaging, the
responsiveness of astrocytic mitochondria to focally applied
LPS+IFNg, which consistently elicited a local increase in mito-
chondrial fission as shown above for IL-1b (Figures S4F and
S4G). By contrast, bath treatment of the iNOS inhibitor
L-NAME starting from 30 min before LPS+IFNg application
was sufficient to prevent mitochondrial fragmentation (Figures
S4H and S4I). Taken together, these data identify iNOS-
mediated NO production and subsequent Drp1 activation as
the key effectors transducing inflammatory insults into mito-
chondrial fission in astrocytes.
High ROS Production and Impaired Mitochondrial
Respiration in Stimulated Astrocytes
The alterations in mitochondrial dynamics observed so far
strongly suggest that these alterations could contribute to
the changes in the metabolic profile previously reported in
astrocytes exposed to proinflammatory mediators (Almeida
et al., 2004; Be´langer et al., 2011b). To verify this hypothesis,
we initially performed ATP measurements in stimulated astro-
cytes. In agreement with previous studies (Stewart et al.,
1998), we observed a rapid and substantial increase in ATP
production, which was virtually abolished when astrocytes
were maintained in low-glucose medium (Figure S3I), indi-
cating that glycolysis becomes the predominant metabolic
pathway producing ATP following stimulation with proinflam-
matory mediators. To gain further insight, we measured mito-
chondrial bioenergetic capacity (oxygen consumption rate,
OCR) in astrocytes exposed to LPS+IFNg (Brand and Nicholls,
2011; Ferrick et al., 2008) (Figure S3J). By 8 hr after treatment,tation in Stimulated Astrocytes
osphorylated form at Ser616, P-Drp1616) or fusion (Opa1 and Mfn2) and that of
cytes or following LPS+IFNg treatment.
rent time points following treatment. Surface rendering of the boxed areas
bars: 5 mm.
h with respect to the mitochondrial-only (black line) or whole-cell (per area unit;
dria/cell).
encoding scramble (miR-scr) or Drp1 miRNA (miR-Drp1). Scale bars: 5 mm.
ated) in astrocytes transfected as in (D) (n = 3 independent experiments; 50–
ce of L-NAME. Scale bars: 5 mm.
ulated astrocytes cotreated or not with L-NAME (n = 3 cells/time point; 10–
sence or presence of the iNOS inhibitors L-NAME or 1400W (n = 3 experiments;
4.
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Figure 5. LPS+IFNg Treatment Transiently Impairs Mitochondrial Respiration and Increases ROS Production
(A) Oxygen consumption rate (OCR) of control and LPS+IFNg-stimulated astrocytes (8 and 24 hr).
(B and C) Histogram showing the averaged values of maximal respiratory capacity (B) and spare respiratory capacity (C) (n = 3–5 independent experiments;
*p < 0.05; Kruskal-Wallis test).
(D) Pictures depicting the fluorescence intensity of MitoSOX Red in control and LPS+IFNg-treated astrocytes. After live imaging, samples were fixed and
subjected to immunostaining for normalization on Tom20. Enlargements show single and merged channels of MitoSOX and Tom20. Arrowheads point to
individual mitochondria in stimulated astrocytes. N, nucleus. Scale bars: 10 mm.
(E) Line scan analysis of the examples (circles) shown in (D) reporting on the intensity levels of MitoSOX in individual mitochondria.
(F) Fluorescence intensity of MitoSOX analyzed as shown in (E) (n = 6 cells/condition; 10–15 mitochondria/cell; ***p < 0.001). All data are mean ± SEM. See also
Figure S3.
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displayed a significant reduction in the maximal respiration
rate and spare respiratory capacity compared to controls
(57.8% ± 0.6% and 53.6% ± 1.2%, respectively), indicating
that mitochondrial functionality became impaired (Figures
5A–5C). In contrast, by 24 hr, about 80% of the maximal
and spared respiratory capacity was recovered, suggesting852 Cell Metabolism 18, 844–859, December 3, 2013 ª2013 Elsevieran overall rescue of mitochondrial respiration at this time after
stimulation (Figures 5A–5C).
This last observation prompted us to examine the extent of
ROS generated in stimulated astrocytes, as these may increase
following changes in mitochondrial respiratory capacity, leading
to oxidative damage and changes in redox signaling (Murphy,
2009). Astrocytes were treated with LPS+IFNg and theInc.
A C E
B D
F
G H I
(legend on next page)
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Mitochondrial Dynamics in Reactive Astrocytesproduction of mitochondrial ROS evaluated in intact cells using
MitoSOX, a live-cell permeant indicator of mitochondrial super-
oxide (Gusdon et al., 2009). By 4 hr after treatment, mitochon-
drial ROS production was dramatically enhanced compared to
control astrocytes (Figure 5D), and confocal microscopy analysis
revealed high levels of ROS specifically colocalizing with frag-
mented mitochondria (Figures 5E and 5F). Interestingly, ROS
production decreased by 24 hr, which is in parallel with the
reestablishment of tubular mitochondrial networks (Figures 5E
and 5F). Thus, proinflammatory stimuli lead to a transient pro-
duction of ROS from mitochondria undergoing fragmentation.
DysfunctionalMitochondria AreClosely Associatedwith
Autophagosomes
Given the transient nature of the mitochondrial dysfunction
observed in response to inflammatory stimuli, we focused on
the possible mechanisms regulating its resolution. One inter-
esting possibilitywas the clearance of damagedmitochondria via
autophagy, a form of quality control suggested to be important
for maintaining the functionality of mitochondrial networks
(Twig et al., 2008; Wang and Klionsky, 2011; Youle and Naren-
dra, 2011). We thus examined whether autophagy was induced
following LPS+IFNg stimulation by evaluating the lipidation
of the autophagy-related protein LC3B (or MAP1LC3B;
microtubule-associated protein 1 light chain 3 beta) (its conver-
sion from cytosolic to the autophagosomal-associated isoform
LC3B-II) both under steady-state level and by using bafilomycin
A1, an inhibitor of lysosomal degradation widely used to examine
LC3B-II turnover (Klionsky et al., 2012; Mizushima et al., 2010).
We observed a significant increase in both the formation and
maturation of new autophagosomes, starting at 2–4 hr and
peaking around 8 hr after treatment (Figures 6A and S5A). Like-
wise, the use of a DsRed-LC3-GFP reporter (Sheen et al., 2011)
confirmed an increased autophagic flux following this treatment
(Figures S5G and S5H). Interestingly, a similar response could be
elicited using other proinflammatory cytokines (Figure S5B).
Finally, time-lapse video microscopy of astrocytes cotrans-
fected with mito-DsRed and GFP-LC3 (Mizushima et al., 2010)
revealed an increased formation of GFP+ autophagosomes
following LPS+IFNg treatment in live cells (Figures S5C–S5F).
The temporal pattern of LC3B lipidation observed here precisely
overlapped with the above-described alterations of the mito-
chondrial network, as many of the GFP+ autophagosomes
colocalized with the DsRed signal originating from fragmented
mitochondria in treated cells (Figure S5F). To further validateFigure 6. Increased Autophagosome Formation following Proinflamma
(A) Temporal pattern of LC3B conversion after astrocyte stimulation with LPS+IFN
(100 nM, 12 hr) to assess the autophagic flux.
(B) Endogenous LC3B-II expression and its colocalization with fragmented m
rendering of the boxed areas. Scale bars: 5 mm.
(C) Colocalization analysis of endogenous LC3B-II and Hsp60 at different times
(D) Expression levels of LC3B-II and relative colocalization with mito-GFP in vivo
(E) Quantification of endogenous LC3B-II colocalization with mito-GFP in vivo at
(F) Electron micrographs of control or LPS+IFNg-treated astrocytes. Several auto
Scale bars: 10 mm.
(G) Density of autophagic vacuoles per cell (n = 5-15 cells/condition; ***p < 0.001
(H) Example showing several mitochondria (red arrowheads) in proximity of an a
(I) Several double-membrane structures contained fragmented mitochondria (re
formation of new autophagosomes. Enlargement of the boxed area is shown. Sc
854 Cell Metabolism 18, 844–859, December 3, 2013 ª2013 Elsevierthese results, we measured the conversion of endogenous
LC3B to LC3B-II by immunostaining, using a specific antibody
recognizing LC3B-II. LPS+IFNg-treated astrocytes showed an
overall increase in endogenous LC3B-II and a striking time-
dependent colocalization with fragmentedmitochondria (Figures
6B and 6C). Importantly, the upregulation of LC3B-II and its
colocalization with mitochondria were detected in astrocytes
expressing mito-GFP in vivo following cortical SW (Figures 6D
and 6E).
Electron microscopy, performed at 8 hr after LPS+IFNg treat-
ment, confirmed the presence of numerous autophagic vacuoles
as compared to vehicle-treated astrocytes (Figure 6F and 6G).
Many of these autophagosomes were found in direct proximity
or in contact with fragmented mitochondria at 8 hr after stimula-
tion (Figure 6H). In some cases, fragmented mitochondria were
observed within double-membrane compartments (Figure 6I),
possibly indicating the contribution of endoplasmic reticulum
to the formation of new autophagosomes (Hamasaki
et al., 2013). Interestingly, these double-membrane structures
were absent at 24 hr, suggesting that only selected mito-
chondria had been targeted by autophagosomes for subsequent
degradation.
To determine if this was the case, astrocytes expressing
mito-GFP were treated with LPS+IFNg for 4 hr or 24 hr and their
mitochondria examined for colocalization with endogenous
endosomal and lysosomal markers. At both analyzed time
points, a significant proportion of fragmented mitochondria
colocalized with the late-endosomal marker Rab7 (4 hr
LPS+IFNg: 30.0% ± 3.4%; 24 hr LPS+IFNg: 19.5% ± 2.6%)
compared to controls (5.1% ± 1.2%) (Figures S6A and S6B). In
contrast, analysis of the lysosomal marker Lamp2 disclosed little
colocalization at 4 hr after LPS+IFNg treatment (8.9% ± 2.2%)
compared to controls (6.3% ± 2.0%), while it significantly
increased at 24 hr (17.8% ± 2.9%) (Figures S6B–S6D). Together,
our data suggest that a proportion of dysfunctional mitochondria
in stimulated astrocytes are targeted by autophagy for subse-
quent lysosomal degradation.
Blockade of Autophagy Impairs the Restoration of
Tubular Mitochondrial Networks
To examine whether autophagy induction in response to proin-
flammatory stimuli could be an important mechanism to
preserve mitochondrial integrity and avoid accumulation of
potentially toxic metabolites (Wang and Klionsky, 2011; Youle
and Narendra, 2011), we interfered with the autophagic cascadetory Stimulation
g. Experiments were conducted in the absence or presence of bafilomycin A1
itochondria (arrowheads) following stimulation. Enlargements show surface
after astrocytes stimulation (n = 10 cells/time point; **p < 0.01; ***p < 0.001).
at 4 dpi.
4 dpi (n = 5 cells; **p < 0.01).
phagic vacuoles (red arrowheads) were visible following treatment. N, nucleus.
).
utophagic vacuole. Scale bar: 1 mm.
d arrowheads), suggesting the contribution of endoplasmic reticulum to the
ale bars: 1 mm. All data are mean ± SEM. See also Figures S5 and S6.
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Mitochondrial Dynamics in Reactive Astrocytesat two different levels. First, we deleted the gene encoding for
Atg7, which is a key component of the autophagic machinery
required for LC3B lipidation, by using astrocytes from Atg7lox/lox
mice (Komatsu et al., 2005) and virus-mediated Cre expression.
Virus transduction resulted in Atg7 protein loss by 5–7 days
following Cre-mediated recombination (Figure S7A). As ex-
pected, Atg7 deletion substantially impaired the formation of
new autophagosomes after LPS+IFNg treatment (Figures S7B–
S7F). At the single-cell level and within this temporal window
(5–7 days after recombination), deletion of Atg7 did not signifi-
cantly perturb themorphology of mitochondria in vehicle-treated
astrocytes (Figures 7A and 7B). However, upon LPS+IFNg treat-
ment, we observed that, precisely at the time when control cells
reestablished a tubular mitochondrial network (24 hr), Atg7
knockout astrocytes showedwidespread accumulations of clus-
teredmitochondria, often resulting in the production of highly hy-
perfused networks (Figures 7A and 7B). Likewise, overexpres-
sion of a dominant-negative form of Atg4B, a protease
required for proper processing of LC3 (Fujita et al., 2008),
resulted in the formation of hyperfused mitochondrial clusters
in stimulated astrocytes (Figures S7I and S7J). At the molecular
level, we identified PKA/calcineurin-mediated phosphorylation
of Drp1 at Ser637 to be increased in Atg7 knockout in compari-
son with control astrocytes (Figure S7D), suggesting that Drp1
retention in the cytoplasm contributes to the observed mito-
chondrial hyperfusion (Cribbs and Strack, 2007).
Recent studies showed that mitochondria hyperfusion
following starvation or cellular stress also promotes cristae
remodeling in order to transiently sustain energy production
(Gomes et al., 2011; Tondera et al., 2009). Therefore, we exam-
ined here if this was also the case in our model. Conspicuously,
electron microscopy (EM) analysis of mitochondria revealed a
24% increase (p < 0.001) in the density of cristae in Cre- versus
GFP-transduced Atg7lox/lox astrocytes (Figures 7C, S7G, and
S7H), indicating that in the absence of autophagy, stimulated
astrocytes undergo mitochondrial hyperfusion to maintain ATP
production (Gomes et al., 2011; Tondera et al., 2009). Neverthe-
less, Atg7-deficient astrocytes displayed prominent and
prolonged generation of mitochondrial ROS as evaluated with
MitoSOX, otherwise reduced in control astrocytes by 24 hr after
treatment (Figures 7D and 7E). Hence, while Atg7 knockout
astrocytes can increase the number of cristae in response to
proinflammatory insult, their mitochondria keep generating
nonphysiological amounts of ROS, thus raising the question of
how long stimulated astrocytes can cope with the lack of auto-Figure 7. Autophagy Is Required for Regenerating Tubular Mitochondr
(A) Atg7lox/lox astrocytes transduced with either a GFP-only or a Cre and GFP-enc
the boxed areas and classification of mitochondrial morphologies are shown.
bars: 10 mm.
(B) Quantification of the mitochondrial phenotype as shown in (A) (n = 3 indepen
(C) EM pictures showing mitochondrial cristae in Atg7-deficient and control astro
(D) Examples of Atg7lox/lox astrocytes examined for ROS production following
pseudocolors) at low and high magnifications. Arrowheads point to transduced a
(E) Quantification of MitoSOX fluorescence intensity as shown in (D) (n = 5 cells/
(F) Survival assay of Atg7lox/lox astrocytes performed at 1, 3, and 8 days after
experiment and time point; ***p < 0.001).
(G) Pictures showing Atg7lox/lox astrocytes transduced with control (Tomato only) o
at 8 days following stimulation. Scale bar: 50 mm.
(H) Summary of the mitochondrial alterations taking place in astrocytes following
856 Cell Metabolism 18, 844–859, December 3, 2013 ª2013 Elsevierphagy. Intriguingly, cell viability analyzed at 1 and 3 days after
LPS+IFNg stimulation revealed no evident changes between
Atg7lox/lox astrocyte transduced with a Cre- and Tomato- or a
Tomato-only (control)- expressing virus (Figure 7F). However,
by 8 days we detected a sharp increase in the number of Atg7-
deficient astrocytes undergoing apoptosis (Figures 7F and 7G),
demonstrating that a failure in regenerating a tubular mitochon-
drial network ultimately affects astrocyte survival. Altogether,
these results reveal autophagy to be a key mechanism for
maintaining mitochondrial networks in astrocytes exposed to a
proinflammatory environment (Figure 7H).
DISCUSSION
Changes inmitochondrial dynamics are widely held to be associ-
ated with modifications in mitochondrial function (Gomes et al.,
2011; Liesa et al., 2009). Given the growing evidence for a role
of astroglia in both brain energy metabolism (Be´langer et al.,
2011a; Hertz et al., 2007) and disease (Sofroniew, 2009), in the
present study we have addressed how mitochondrial dynamics
may change in astrocytes directly exposed to proinflammatory
mediators, a condition taking place in vivo following brain injury
and theensuingactivation and recruitment of local andcirculating
proinflammatory cells (Hamby et al., 2012; Zamanian et al., 2012).
In contrast to theprevailing assumption that astrogliosis identifies
a common state shared by reactive astrocytes, our results reveal
heterogeneity with respect to mitochondrial dynamics between
the lesion core and penumbra. In particular, we show that inflam-
matory stimuli induce rapid and profound changes of the mito-
chondrial network, leading to its fragmentation and impaired
respiration rate. We also show that this response, mediated by
the pro-fission protein Drp1, critically depends on a timely induc-
tion of autophagy for its resolution, revealing a state-dependent
control of the mitochondrial network in astroglia. Thus, region-
specific differences in the mitochondrial response of reactive
astrocytesmay reveal forms of mitochondrial plasticity important
for adjusting the astrocyte metabolic state and possibly ensuring
adequate energy production during the metabolic challenge that
follows brain injury and inflammation.
Although fragmentation of mitochondria in mammalian cells
often precedes apoptosis (Youle and van der Bliek, 2012), we
observed no obvious changes in astrocyte survival, consistent
with the well-known resistance of astrocytes to inflammatory
stimuli (Bardehle et al., 2013; Brown et al., 1995; Stewart et al.,
1998). Rather, we detected a prompt autophagic response asial Networks following Proinflammatory Stimulation
oding virus and analyzed for their mitochondrial morphology. Magnifications of
Yellow arrowheads point to hyperfused and clustered mitochondria. Scale
dent experiments; 50–100 cells/time point; **p < 0.01).
cytes. Scale bar: 500 nm.
LPS+IFNg treatment. Panels report on MitoSOX fluorescence intensity (in
strocytes at 24 hr after treatment. Scale bars: 10 mm.
condition; 10 mitochondria/cell; **p < 0.01).
stimulation with LPS+IFNg (n = 3 independent experiments; 300–600 cells/
r Cre and Tomato-expressing viruses and immunostained for caspase-3 active
proinflammatory stimulation. All data are mean ± SEM. See also Figure S7.
Inc.
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sumably important for maintaining a functional mitochondrial
respiration. Different from mitophagy, however, wild-type astro-
cytes were never found significantly depleted of mitochondria
at any time point analyzed (Twig et al., 2008; Wang and Klionsky,
2011; Youle and van der Bliek, 2012). The significance of this
response became clear when the same experiments were per-
formed in Atg7 knockout astrocytes, which failed to restore
tubular networks. This led to the accumulation of highly hyper-
fused mitochondria and ROS and, ultimately, to cell death,
demonstrating the crucial role of autophagy in clearing damaged
mitochondria and rapidly regenerating a physiological network
under high-stress conditions (Figure 7H). On the other side, the
mitochondrial hyperfusion observed in Atg7-deficient astrocytes
is highly reminiscent of themitochondrial elongation described in
mammalian cells subjected to starvation or stress, a response
shown to sustain ATP production (Gomes et al., 2011; Rambold
et al., 2011; Tondera et al., 2009). Interestingly, thismitochondrial
hyperelongation can occur in the absence of functional autopha-
gic machinery, suggesting that mitochondrial dynamics can op-
erate independently fromautophagy. Supporting this parallelism,
by 24 hr after stimulation, Atg7 knockout astrocytes displayed
increased cristae formation. While this mitochondrial remodeling
may therefore represent amechanism for compensating a failure
in energy production, the fact that astrocyte survival is impaired
at longer times demonstrates that hyperfusion of mitochondria
can only transiently sustain cell metabolism (Rolland et al.,
2013) and that autophagy is important for reestablishing a
physiological mitochondrial architecture following inflammation.
In summary, our results identify a direct link between inflam-
mation and the changes in mitochondrial dynamics—and
ultimately bioenergetics—of astroglial cells, revealing a mecha-
nism through which astrocytes handle the metabolic challenge
that follows brain injury. Intriguingly, the in vivo spatial organiza-
tion of astrocytic mitochondria, often found in direct proximity of
adjacent neuronal bodies and dendrites, argues for their partic-
ipation in sustaining the local demand of metabolites and ions at
critical astrocyte-neuron points of contact. If this is the case,
alterations in astrocyte mitochondrial bioenergetics may in turn
affect neuronal functioning and/or survival; thus, appropriate
mechanisms of mitochondrial quality control in astrocytes could
be of great significance for locally regulating metabolic coupling
during neuroinflammation. Although the metabolic pathways
triggered by proinflammatory insult may extend beyond the
involvement of mitochondria (Hamby et al., 2012; Zamanian
et al., 2012), our results demonstrate that the proper functioning
of these organelles is required to sustain astrocyte survival.
Providing further insight on how inflammatory processes impact
local bioenergetics within damaged brain tissue may pave new
ways throughwhich to understand the link between neuroinflam-
mation and neuronal cell death.
EXPERIMENTAL PROCEDURES
Mice, Stereotactic Injections, and Stab Wound
Male C57BL/6J, hGFAP-GFP, and hGFAP-TVA transgenic mice (6–8 weeks
old) were used for stereotactic injections, SW, and slice imaging. All experi-
mental procedures were performed in agreement with the European Union
and German guidelines and were approved by the Government of State of
Upper Bavaria. See also Supplemental Information.Cell MAstrocyte Cultures
Primary cultures of cortical astrocytes were prepared from postnatal day 1–2
wild-type and Atg7loxP/loxP mice (provided by M. Komatsu) as previously
described (Bergami et al., 2008) and maintained in Dulbecco’s modified
Eagle’s medium (DMEM)-F12 with 10% fetal bovine serum (FBS; Gibco) at
37C in 5%CO2. Flasks were shaken every 3 days, andmediumwas replaced
until confluency was reached (about 2–3 weeks after plating).
Histology and Immunostainings
Immunostainings were performed as previously described (Bergami et al.,
2008). See also Supplemental Information.
Imaging and Quantitative Analysis
Samples were imaged with a confocal laser-scanning microscope (LSM 710,
Zeiss) equipped with 4 laser lines (405, 488, 561, and 633 nm) and 103
(NA 0.3), 253 (NA 0.8), 403 (NA 1.1), or 633 (NA 1.3) objectives. For imaging
of mitochondrial morphology, serial z stacks of 0.3 mmor 0.5 mmwere acquired
with a digital zoom of 2 or 3 (633 objective). ROIs corresponding to the shape
of individual mitochondria were manually drawn through stacks, and the distri-
bution of their length was plotted against their frequency. Mitochondrial
phenotype in astrocytes was based on the appearance of mitochondria
(>70% of the total mitochondrial pool) using mitochondrial markers or mito-
GFP. Mitochondria were classified depending on their length in fragmented,
tubular, or elongated/hyperfused. Quantification of cells expressing specific
markers was performed offline on confocal acquisitions. As capillary penetra-
tion through the duramater could lead by itself to a slight activation of glial cells
in layer I of the cortex (Figure S2A), analysis of mitochondrial morphology
in vivo was restricted to cortical layers II/III and deeper layers, thus reducing
the possibility of underestimating any phenotype obtained in SW experiments.
Location of astrocytes with respect to SW was assessed depending on their
glial fibrillary acidic protein (GFAP) expression (high in the penumbra, low in
the lesion core) and relative density of CD45+ cells. Assessment of mito-
chondrial morphology and membrane potential in mito-RABV-transduced
astrocytes revealed that low titer virus (Ortinski et al., 2010) did not visibly
affect their physiology up to 10 days after transduction (Figures S1F–S1H).
See also Supplemental Information.
Statistical Analysis
Results are presented as means ± SEM. Graphical illustrations and signifi-
cance were obtained with GraphPad Prism 5 (GraphPad) using Student’s
t test or multiple comparison ANOVA, followed by Bonferroni or Dunnett
post hoc tests (according to the sample sets), unless otherwise indicated.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures
and seven figures and can be found with this article online at http://dx.doi.
org/10.1016/j.cmet.2013.11.005.
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